Introduction
============

Solid-state organic reactions have attracted considerable interest in a variety of research areas due to their potentially lower environmental impact and the possibility to access reaction pathways that are unavailable in solution.[@cit1],[@cit2] In addition, solid-state reactions are particularly useful for substrates that are poorly soluble in common organic solvents.[@cit2] However, the development of highly efficient solid-state organic transformations whose performance is comparable to conventional solvent-based synthetic routes remains challenging.[@cit2] This is mainly due to poor mixing efficiency of the reactants and/or catalysts in the solid state, where organic molecules are arranged tightly and regularly.[@cit2] Thus, the exploration of new strategies and concepts for solid-state organic reactions is of great interest in synthetic chemistry.[@cit1],[@cit2]

The Nobel-prize-winning palladium-catalyzed cross-coupling reactions arguably represent the most powerful, versatile, and well-established class of organic transformations.[@cit3] In particular, the Suzuki--Miyaura cross-coupling of aryl halides with organoboron reagents has found wide applications in both academic and industrial settings.[@cit3c]--[@cit3f] Conventionally, Suzuki--Miyaura cross-coupling reactions are carried out in organic solvents.[@cit3c]--[@cit3f] Compared to such solvent-based protocols, solid-state cross-coupling reactions have remained extremely scarce, even though this approach would present the following advantages: (1) solvent waste would be greatly reduced, especially for large-scale syntheses;[@cit1],[@cit2] (2) solid-state coupling reactions should be particularly useful for the preparation of carbon-based materials (*e.g.* large polyaromatic hydrocarbons) that are typically prepared from substrates that are poorly soluble due to strong intermolecular interactions (*e.g.*, π--π interactions);[@cit4] and 3) the set-up for solid-state cross-coupling reactions should be much simpler than that of solution-based reactions. Despite these benefits, only a limited number of solid-state Suzuki--Miyaura cross-coupling reactions under mechanochemical conditions using ball milling has been reported.[@cit5]--[@cit7] Moreover, the scope of these reactions is significantly restricted, *i.e.*, only electron-deficient aryl halides are applicable, and low conversion rates are common. Thus, we have focused on re-designing palladium-based catalyst systems for the development of a broadly applicable solid-state cross-coupling protocol, which may potentially unlock versatile applications for such solid-state syntheses.

We have previously reported a rational strategy for a general and scalable solid-state Buchwald--Hartwig cross-coupling reaction using mechanochemistry ([Scheme 1a](#sch1){ref-type="fig"}).[@cit8] The key finding of this previous study was that olefin additives such as 1,5-cyclooctadiene (1,5-cod) dramatically accelerate the C--N bond-forming reaction in the solid state. Based on a transmission electron microscopy (TEM) analysis, we discovered that olefin additives can act as efficient molecular dispersants for palladium-based catalysts in the solid state, thus inhibiting the deleterious aggregation of the catalyst ([Scheme 1a](#sch1){ref-type="fig"}).[@cit8],[@cit9] Herein, we report the development of the first general and scalable solid-state Suzuki--Miyaura cross-coupling reactions using mechanochemistry ([Scheme 1b](#sch1){ref-type="fig"}). The present study is not a simple extension of our previous work,[@cit8] but represents the development of a new catalytic system for robust C--C bond-forming reaction in the solid-state. Compared to previous studies,[@cit5] the developed system shows a substantially broadened substrate scope and allows the first solid-state organoboron cross-coupling reaction of unactivated aryl chlorides.[@cit5a] Furthermore, we demonstrate the solvent-free solid-state synthesis of large polyaromatic hydrocarbons and a gram-scale mechanochemical synthesis.[@cit4d],[@cit10],[@cit11] Experimental mechanistic studies to elucidate the roles for the olefin additives in these solid-state cross-coupling reactions are also described.

![Olefin-accelerated solid-state cross-coupling reactions using mechanochemistry.](c9sc02185j-s1){#sch1}

Results and discussion
======================

In order to develop a potentially general and scalable solid-state organoboron cross-coupling protocol, we focused on Pd(OAc)~2~/DavePhos, which is a high-performance catalytic system for several cross-coupling reactions developed by Buchwald and co-workers.[@cit11],[@cit12] Initially, we compared the reactivity of liquid 1-bromobenzene (**1a**) and solid 4-bromo-1,1′-biphenyl (**1b**) in this mechanochemical palladium-catalyzed Suzuki--Miyaura cross-coupling reaction under slightly modified conditions to those originally used for the solution-based Suzuki--Miyaura coupling reaction ([Scheme 2](#sch2){ref-type="fig"}).[@cit12a] Reactions were conducted in a Retsch MM400 mill in a stainless-steel milling jar (1.5 mL) at 25 Hz using one stainless-steel ball (diameter: 5 mm). In the presence of Pd(OAc)~2~/DavePhos, the Suzuki--Miyaura cross-coupling of liquid **1a** with 4-dimethylaminophenylboronic acid (**2a**) proceeded readily to afford the corresponding coupling product (**3a**) in excellent yield (92%; [Scheme 2a](#sch2){ref-type="fig"}). In contrast, the reaction of solid **1b** under the same reaction conditions resulted in a low yield of **3b** (26%; [Scheme 2b](#sch2){ref-type="fig"}). These results suggest the existence of a considerable reactivity gap between liquid and solid substrates, even under mechanochemical conditions.[@cit8] This is probably due to poor mixing efficiency of the reactants and/or catalysts in the constrained solid-state reaction medium, even under ball-milling conditions.[@cit7]

![Reactivity difference between liquid and solid aryl bromides in a Suzuki--Miyaura cross-coupling reaction under solvent-free mechanochemical conditions.](c9sc02185j-s2){#sch2}

Given our recent success regarding olefin-accelerated solid-state C--N coupling reactions,[@cit8] we speculated that this strategy could also be potentially applied to solid-state organoboron cross-coupling reactions. Thus, we decided to focus on olefin additives that might act as molecular dispersants for palladium-based catalysts in solid-state media ([Table 1](#tab1){ref-type="table"}). All liquid-assisted grinding (LAG) reactions[@cit13]--[@cit16] with olefins or other liquid additives were performed at a 0.12 ratio of μL of liquid added per mg of reactant. The use of olefin additives efficiently promoted the coupling reactions of **1b** with **2a** ([Table 1a](#tab1){ref-type="table"}). In particular, we found that the reaction was dramatically accelerated in the presence of 1,5-cod and the corresponding coupling product **3b** was formed in quantitative yield (97%; [Table 1a](#tab1){ref-type="table"}). In sharp contrast, the use of alkanes or typical organic solvents as LAG additives provided lower yields than those from the reaction with olefins ([Table 1b](#tab1){ref-type="table"}), suggesting that the presence of an olefin functional group is crucial for the observed acceleration. It should be noted that the amount of olefin used in these reactions is comparable to that of the reactant (0.12 μL mg^--1^), which stands in sharp contrast to conventional solution-based coupling reactions, where often a 10- to 100-fold excess of solvent is used.

###### Development of olefin-accelerated solid-state Suzuki--Miyaura cross-coupling using mechanochemistry[^*a*^](#tab1fna){ref-type="fn"}

  -------------------------------
  ![](c9sc02185j-u1.jpg){#ugr1}
  -------------------------------

^*a*^Conditions: **1b** (0.3 mmol), **2a** (0.36 mmol), Pd(OAc)~2~ (0.009 mmol), DavePhos (0.0135 mmol), CsF (0.9 mmol), H~2~O (20 μL), and additive (0.12 μL mg^--1^) in a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel ball (5 mm).

Subsequently, we investigated the effect of the phosphine ligand on the solid-state organoboron cross-coupling reaction ([Table 2](#tab2){ref-type="table"}). Experiments involving catalyst systems consisting of 3 mol% Pd(OAc)~2~ and 4.5 mol% Buchwald-type ligands ([Table 2](#tab2){ref-type="table"}, entries 1--6) revealed that the use of DavePhos provides the desired coupling product in the highest yield (entry 1, 97%). Simple monophosphine ligands such as *t*Bu~3~P, Cy~3~P and Ph~3~P were also examined, but the product yields were moderate (50--70%, entry 7--9). In the absence of a supporting ligand, the reaction provides the product in very low yield (18%, entry 10), suggesting that the use of a phosphine ligand is crucial for this solid-state cross-coupling reaction.

###### Ligand effect on the reaction between **1b** and **2a**[^*a*^](#tab2fna){ref-type="fn"}

  ![](c9sc02185j-u2.jpg){#ugr2}                   
  ------------------------------- --------------- ----
  1                               DavePhos        97
  2                               XPhos           65
  3                               RuPhos          92
  4                               BrettPhos       92
  5                               *t*BuDavePhos   82
  6                               *t*BuXPhos      70
  7                               *t*Bu~3~P       50
  8                               Cy~3~P          60
  9                               Ph~3~P          43
  10                              None            18

^*a*^Conditions: **1b** (0.3 mmol), **2a** (0.36 mmol), Pd(OAc)~2~ (0.009 mmol), ligand (0.0135 mmol), CsF (0.9 mmol), H~2~O (20 μL), and 1,5-cod (0.12 μL mg^--1^) in a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel ball (5 mm).

![](c9sc02185j-u3.jpg){#ugr3}The effect of the mechanochemical reaction parameters on the solid-state organoboron cross-coupling reaction was also investigated ([Table 3](#tab3){ref-type="table"}). For that purpose, the reaction between **1b** and **2a** was performed at different frequency (entries 1--5). The results showed that the product yield increases with increasing frequency, which suggests that the mechanical grinding is important to disperse the substrates, reagents, and catalysts in the solid-state reaction mixture. The use of a smaller ball (entry 6) or a different number of balls (entry 7) did not significantly affect the reactivity of the transformation.

###### Investigation on the effect of varying the mechanochemical parameters[^*a*^](#tab3fna){ref-type="fn"}

  ![](c9sc02185j-u4.jpg){#ugr4}                
  ------------------------------- ---- --- --- ----
  1                               10   1   5   70
  2                               15   1   5   75
  3                               20   1   5   70
  4                               25   1   5   97
  5                               30   1   5   99
  6                               25   1   3   90
  7                               25   2   5   97

^*a*^Conditions: **1b** (0.3 mmol), **2a** (0.36 mmol), Pd(OAc)~2~ (0.009 mmol), DavePhos (0.0135 mmol), CsF (0.9 mmol), H~2~O (20 μL), and 1,5-cod (0.12 μL mg^--1^) in a stainless-steel ball-milling jar (1.5 mL).

To explore the scope of the present solid-state coupling reaction, a variety of solid aryl halides was tested ([Table 4a](#tab4){ref-type="table"}). This reaction is characterized by a broad substrate scope. The reaction of 2-bromonaphthalene (**1c**) and that of electron-poor aryl bromide **1d** with *p*-methoxyboronic acid (**2b**) proceeded to give the desired products in excellent yield (**3c**: 93%; **3d**: 95%). The developed conditions were also applied to the electron-rich, unactivated solid aryl bromide **1e**, which afforded the desired product (**3e**) in good yield (70%). Aryl bromides containing a thiophene moiety (**1f**) and an internal alkyne (**1g**) also provided the corresponding products in high yield (**3f**: 96%; **3g**: 84%). In addition, aryl bromides containing anthracene (**1h**), fluorene (**1i**), triphenylene (**1j**), tetraphenylethylene (**1k**), and pyrene (**1l** and **1m**) moieties successfully furnished the desired coupling products (**3h--3m**) in moderate to excellent yield (43--94%).

###### Substrate scope of the olefin-accelerated solid-state organoboron cross-coupling

  -------------------------------
  ![](c9sc02185j-u5.jpg){#ugr5}
  -------------------------------

^*a*^Reaction conditions: Pd(OAc)~2~ (0.009 mmol), DavePhos (0.0135 mmol), **1** (0.3 mmol), **2** (0.36 mmol), CsF (0.9 mmol), H~2~O (20 μL), 1,5-cod (0.12μL mg^--1^) in a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel ball (diameter: 5 mm), 25 Hz, 99 min. Isolated yields are shown.

^*b*^1,5-Cod (0.2 μL mg^--1^) was used.

^*c*^The corresponding aryl iodide was used as the substrate.

^*d*^Reaction conditions: Pd(OAc)~2~ (0.009 mmol), DavePhos (0.0135 mmol), **1** (0.15 mmol), **2** (0.36 mmol), CsF (0.9 mmol), H~2~O (20 μL), 1,5-cod (0.2μL mg^--1^) in a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel ball (diameter: 5 mm), 25 Hz, 99 min.

^*e*^The corresponding aryl chloride was used as the substrate.

^*f*^Reaction time: 180 min.

^*g*^0.2 mmol scale.

^*h*^Reaction conditions: Pd(OAc)~2~ (0.036 mmol), DavePhos (0.054 mmol), **1** (0.3 mmol), **2** (4.8 mmol), CsF (3.6 mmol), H~2~O (80 μL), 1,5-cod (0.2 μL mg^--1^) in a stainless-steel ball-milling jar (25 mL) with stainless-steel balls (diameter: 4 × 10 mm), 25 Hz, 99 min.

^*i*^Reaction conditions: Pd(OAc)~2~ (0.018 mmol), DavePhos (0.027 mmol), **1** (0.3 mmol), **2** (2.4 mmol), CsF (1.8 mmol), H~2~O (40 μL), 1,5-cod (0.2 μL mg^--1^) in a stainless-steel ball-milling jar (5 mL) with a stainless-steel ball (diameter: 10 mm), 25 Hz, 180 min.

^*j*^Reaction conditions: Pd(OAc)~2~ (0.03 mmol), DavePhos (0.045 mmol), **1** (0.3 mmol), **2** (0.72 mmol), CsF (1.8 mmol), H~2~O (40 μL), 1,5-cod (0.2 μL mg^--1^) in a stainless-steel ball-milling jar (5 mL) with a stainless-steel ball (diameter: 10 mm), 25 Hz, 99 min.

Notably, the developed catalytic system enabled also the solid-state organoboron cross-coupling of unactivated aryl chlorides ([Table 4b](#tab4){ref-type="table"}). The reaction of solid 2-chloronaphthalene (**1c′**) efficiently furnished the desired product (**3c**; 66%). Aryl chlorides bearing electron-withdrawing groups such as cyano and carbonyl groups also provided the desired products (**3d**, **3n** and **3o**) in high yield (78--95%).

Subsequently, we turned our attention to the scope of solid arylboronic acids ([Table 4c](#tab4){ref-type="table"}). Simple aryl boronic acids afforded the corresponding coupling products (**3p** and **3q**) in good yield (81% and 58%, respectively). Substrates bearing electron-donating groups were coupled efficiently to provide the products (**3r--3u**) in good to excellent yield (87--94%). The product **3r** was also obtained using the corresponding 4-iodobiphenyl substrate (88%). Substrates bearing electron-withdrawing groups were also compatible with the applied solid-state conditions (**3v--3y**; 57--99%). Finally, this method was successfully applied to the solid-state synthesis of heteroaryl-containing biaryl derivatives (**3z**; 99%).

Under the developed conditions, cross-coupling reactions of diaryl halides in the solid state also proceeded to give the diarylated products in good yield ([Table 4d](#tab4){ref-type="table"}). The reaction of 9,10-dibromoanthracene (**1aa**) with **2b** afforded the double arylation product **3aa** in quantitative yield (99%). Notably, **3aa** could also be successfully synthesized from the corresponding aryl chloride (92%). In addition, this reaction permits the rapid construction of 2,1,3-benzothiadiazole derivatives, which are π-conjugated molecules that are frequently encountered in dye-sensitized solar cells.[@cit17] Specifically, the reaction of dibromo-substituted 2,1,3-benzothiadiazole (**1ab**) furnished an symmetrical D--A--π--A--D system in good yield (**3ab**: 60%).

We expected this solid-state organoboron cross-coupling reaction to be particularly useful for the preparation of carbon-based materials that are poorly soluble substrates (*e.g.* large polyaromatic hydrocarbons) due to strong intermolecular interactions.[@cit4] Therefore, we carried out a preliminary investigation on the construction of polyaromatic hydrocarbons *via* solid-state cross-coupling reactions using mechanochemistry ([Table 4e](#tab4){ref-type="table"}). Structurally complex polyaromatic hydrocarbons (**3ac--3ag**) were successfully synthesized in good to high yield (59--92%). Conventional solvent-based coupling conditions[@cit9] for the preparation of such polyaromatic hydrocarbons often require the use of significant amounts of solvent (\<0.05 M), high temperatures, and long reaction times, thus highlighting the synthetic utility of the solid-state cross-coupling method presented herein.

In order to further explore the synthetic utility of this protocol, we conducted a solid-state cross-coupling reaction on the gram-scale under mechanochemical conditions ([Fig. 1](#fig1){ref-type="fig"}). The solid-state cross-coupling of 9-bromoanthracene (**1h**) with **2b** was carried out at an 8.0 mmol scale in a stainless-steel ball-milling jar (25 mL) using four stainless-steel balls (diameter: 10 mm), which afforded **3h** in high yield (87%). The product could be isolated by simple re-precipitation from CH~2~Cl~2~/MeOH. For comparison, we also carried out a solution-based Suzuki--Miyaura cross-coupling reaction in dioxane[@cit12a] at high reaction temperature (100 °C) using a large amount of solvent (160 mL, 0.05 M) and prolonged reaction time (24 h); however, under these conditions, **3h** was obtained only in a moderate yield (52%).[@cit18] It should be noted that solution-based reactions of insoluble aromatic substrates such as **1h** typically require significant amounts of dry solvent, an inert atmosphere, high-vacuum instrumentation, and large reaction flasks equipped with a reflux condenser and an oil bath on a stirring hotplate ([Fig. 1](#fig1){ref-type="fig"}).[@cit10] Compared to such complex set-ups, the present solid-state coupling reactions can be carried out in a small jar in air,[@cit19] and special operational skills are not required (for the details of the procedure, see the ESI[†](#fn1){ref-type="fn"}). This operational simplicity is likely to substantially increase the practical utility of the present solvent-free solid-state cross-coupling reactions beyond the laboratory scale.

![Solid-state coupling reaction on the gram scale (for detailed reaction conditions, see the ESI[†](#fn1){ref-type="fn"}).](c9sc02185j-f1){#fig1}

To gain mechanistic insight into the observed acceleration effect upon the addition of olefin additives, we used TEM imaging to characterize the palladium nanoparticles generated *in situ* in the crude reaction mixture of **1b** with **2a** ([Fig. 2](#fig2){ref-type="fig"}). The observed image clearly shows the formation of palladium nanoparticles (approximate size: 3--5 nm) in the reaction mixture in the presence of 1,5-cod ([Fig. 2B](#fig2){ref-type="fig"}). Notably, higher aggregation of the palladium particles was not observed. On the other hand, the image obtained for the palladium species derived from the reaction mixture in the presence of cyclooctane ([Fig. 2C](#fig2){ref-type="fig"}) and in the absence of any additive ([Fig. 2D](#fig2){ref-type="fig"}) shows that the palladium species have significantly aggregated into dense particles ([Fig. 2C and 2D](#fig2){ref-type="fig"}). These results suggest that olefin additives might act as dispersants for the palladium-based catalyst to suppress higher aggregation of the nanoparticles.[@cit8],[@cit9]

![(A) Reaction mixtures after grinding in a ball mill. Aggregation in the ball mill (a) after 99 min in the presence of 1,5-cod, (b) after 99 min in the presence of cyclooctane, and (c) after 99 min in the absence of an additive. TEM images of the palladium nanoparticles in the crude reaction mixtures: (B) after 99 min in the presence of 1,5-cod, (C) after 99 min in the presence of cyclooctane, and (D) after 99 min in the absence of an additive. Scale bar in the TEM images (bottom left): 20 nm.](c9sc02185j-f2){#fig2}

Subsequently, we used solid-state (SS) ^31^P NMR spectroscopy to examine if monomeric catalytic active species are formed during the cross-coupling reaction in the solid state ([Fig. 3](#fig3){ref-type="fig"}). The SS ^31^P NMR spectra of the reaction mixtures of 2-bromonaphthalene (**1c**) and *p*-methoxyboronic acid (**2b**) after grinding (25 Hz) in a ball mill in the presence of 1,5-cod showed that signals derived from DavePhos (--14.0 and --16.3 ppm) had completely disappeared, and only one signal (37.6 ppm) was observed, suggesting that a DavePhos-ligated monomeric palladium species is most likely generated ([Fig. 3A and B](#fig3){ref-type="fig"}). This is consistent with the results of [Table 2](#tab2){ref-type="table"}, which show that the ligands significantly affect the reactivity. Notably, the SS ^31^P NMR spectra of the reaction mixtures of **1c** and **2b** after grinding (25 Hz) in the absence of 1,5-cod showed only signals derived from DavePhos ([Fig. 3C](#fig3){ref-type="fig"}). The crude reaction mixture of **1c** and **2b** after grinding in the presence of 1,5-cod was further characterized by ESI mass spectrometry ([Scheme 3](#sch3){ref-type="fig"}). The mass spectrum showed a peak corresponding to DavePhos-Pd(0)--(1,5-cod), which is consistent with the results of the SS ^31^P NMR analysis. These results suggest that the monomeric DavePhos-Pd(0)--(1,5-cod) species is most likely the resting state of the catalyst during the solid-state cross-coupling reaction in the presence of 1,5-cod.[@cit20] While such a palladium(0) complex should be unstable under ambient conditions,[@cit19] we speculate that the longevity of this palladium(0) complex might be rationalized in terms of the low diffusion efficiency of gaseous oxygen in such solid-state reaction mixtures.[@cit21]

![Analysis of palladium species in the solid-state cross-coupling reaction by solid-state (SS) ^31^P NMR. SS ^31^P NMR spectra of (A) DavePhos, (B) the reaction mixtures of **1c** and **2b** after grinding in a ball mill in the presence of 1,5-cod, and (C) the reaction mixtures of **1c** and **2b** after grinding in a ball mill in the absence of 1,5-cod.](c9sc02185j-f3){#fig3}

![ESI mass analysis of the reaction mixture of **1c** and **2b** after grinding in a ball mill in the presence of 1,5-cod. Conditions: **1c** (0.3 mmol), **2b** (0.36 mmol), Pd(OAc)~2~ (0.009 mmol), DavePhos (0.0135 mmol), CsF (0.9 mmol), H~2~O (20 μL), and 1,5-cod (0.12 μL mg^--1^) in a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel ball (5 mm).](c9sc02185j-s3){#sch3}

The reaction progress of the cross-coupling reaction between **1h** and **2b** in the presence of 1,5-cod was monitored by powder X-ray diffraction (PXRD) analysis ([Fig. 4](#fig4){ref-type="fig"}). After 30 min, new diffraction peaks derived from cross-coupling product **3h** and CsBr appeared, while the peaks associated with the starting materials remained. After 60 min, the diffraction peaks derived from the starting materials had been completely disappeared, and only those of coupling product **3b** and CsBr were observed, demonstrating a clean solid-to-solid conversion without melting during the reaction.[@cit8] It should also be noted that a thermographic analysis revealed a temperature of inside the milling jar after grinding for 99 min at 25 Hz was ∼35 °C, which indicates that the temperature did not significantly increase under the applied mechanochemical conditions (see the ESI[†](#fn1){ref-type="fn"} for the details).

![Monitoring the reaction progress between **1h** and **2b** by PXRD analysis. Conditions: **1h** (0.3 mmol), **2b** (0.36 mmol), Pd(OAc)~2~ (0.009 mmol), DavePhos (0.0135 mmol), CsF (0.9 mmol), H~2~O (20 μL), and 1,5-cod (0.12 μL mg^--1^) in a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel ball (5 mm).](c9sc02185j-f4){#fig4}

Based on our mechanistic data, we would like to propose two possible roles for the olefin additives in these solid-state cross-coupling reactions ([Fig. 5](#fig5){ref-type="fig"}): (1) olefins might act as dispersants for the palladium-based catalyst to suppress higher aggregation of the nanoparticles, which would lead to catalyst deactivation,[@cit8],[@cit9] and (2) the active monomeric Pd(0) species could be stabilized upon coordination by the olefins; subsequently, dissociated Pd(0) species could be coordinated by DavePhos and release the olefin ligands to form \[(DavePhos)Pd(0)\], which could activate the C--X bond of aryl halides.[@cit8],[@cit12],[@cit22]

![Proposed reaction mechanism of the solid-state cross-coupling reactions.](c9sc02185j-f5){#fig5}

Conclusions
===========

In summary, we have developed the first general and scalable solid-state Suzuki--Miyaura cross-coupling reaction using mechanochemistry. While few examples of mechanochemical palladium-catalyzed coupling reactions of solid substrates have already been reported, their scope is significantly limited, and they typically exhibit low conversion rates. However, we discovered that the addition of small amounts of olefins dramatically improves the progress of these challenging solid-state C--C bond-forming cross-coupling reactions. Although the use of solvents during work up and/or purification remains a future challenge, the development of our solvent-free solid-state cross-coupling reaction constitutes a significant step in developing industrially attractive and environmentally friendly routes to a broad variety of synthetic targets.
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